Insulin-like growth factor I (IGF-I) has important anabolic and homeostatic functions in tissues like skeletal muscle, and a decline in circulating levels is linked with catabolic conditions. While IGF-I therapies for musculoskeletal disorders have been postulated, dosing issues and disruptions of the homeostasis have so far precluded clinical application. We have developed a novel IGF-I variant by sitespecific addition of polyethylene glycol (PEG) to lysine 68 (PEG-IGF-I). In vitro, this modification decreased the affinity for the IGF-I and insulin receptors, presumably through decreased association rates, and slowed down the association to IGF-I binding proteins, selectively limiting fast but maintaining sustained anabolic activity. Desirable in vivo effects of PEG-IGF-I included increased half-life and recruitment of IGF binding proteins, thereby reducing risk of hypoglycemia. PEG-IGF-I was equipotent to IGF-I in ameliorating contractioninduced muscle injury in vivo without affecting muscle metabolism as IGF-I did. The data provide an important step in understanding the differences of IGF-I and insulin receptor contribution to the in vivo activity of IGF-I. In addition, PEG-
IGF-I presents an innovative concept for IGF-I therapy in diseases with indicated muscle dysfunction.
Insulin-like growth factor (IGF-I) is a circulating anabolic hormone that unlike insulin is complexed to high affinity binding proteins (IGFBP's) that exert homeostatic effects by regulating availability to most cells in the body (1, 2) . The most important endogenous source of IGF-I is the liver (3), although many other tissues produce IGF-I in a paracrine manner. IGF-I has nonselective trophic activity on many cell types including neurons (4, 5) and skeletal muscle fibers (6) . Multiple therapeutic applications have been envisaged and numerous trials were performed with recombinant human IGF-I (rhIGF-I). These trials included treatment of insulin resistance, diabetes and growth disorders (7) , cardiovascular diseases (8) and stroke (9) . For skeletal muscle conditions, similar approaches have been proposed (10) and preclinical proof of concept has been shown for attenuation of muscular deterioration after subchronic rhIGF-I therapy (11) . However, dosing limitations have precluded its clinical development in these indications. Acute side effects such as hypoglycemia and suppression of growth hormone (GH) release after subcutaneous (s.c.) application of rhIGF-I (12, 13) led to the development of IPLEX ® (mecasermin rinfabate, 14), a 1:1 molecular complex of rhIGF-I and IGFBP-3. Yet clinical trials with this drug did not improve efficacy and showed similar side effect profiles including GH suppression (15) (16) (17) , suggesting that acute disruption of the homeostatic system due to inappropriate delivery remains a major limitation of rhIGF-I therapy. A pharmaceutically safe formulation of rhIGF-I should have reduced acute side effects like hypoglycemia and GH suppression without loss of long-term beneficial activity. We show here that IGF-I, exclusively PEGylated at lysine 68 (Lys68) fulfills these criteria. Most likely, a slower rate of receptor association reduced rapid activation of both IGF-I and insulin receptors (IGF-IR and InsR) but preserved steady-state activity in vitro. PEG-IGF-I was equipotent to rhIGF-I in a muscle injury paradigm without altering glucose metabolism, thus providing a safety differentiation vs. rhIGF-I. We propose PEG-IGF-I as a novel therapy for a variety of clinical applications including musculoskeletal disorders or catabolic pathologies.
Experimental procedures
Generation of PEG-IGF-I. Details on the process of site-specific PEGylation of IGF-I are described in patent US20100210547 (http://www.freepatentsonline.com/2010021 0547.pdf). All IGF-I variants were stored in 20 mM sodium acetat, 140 mM NaCl (pH 5.5) at 1 mg/ml protein concentration. InsR (3T3-InsR) were used (18) . L6, ASPC-1, MDCK were obtained from ATCC, HSkMC from ECACC, and were cultivated according to supplier protocols. 3T3-L1 preadipocytes were differentiated into adipocytes (19) for 3 days and further cultivated in DMEM, 10 % FCS until use. HSkMC myoblasts (human) were differentiated for 4 days on collagen precoated plates according to supplier protocols (http://www.hpacultures.org.uk/pages/HSkM C.pdf).
Functional assays. Proliferation was assessed for L6, MDCK and ASPC-1 cell lines by serum starvation for 4 hr, and subsequent incubation with rhIGF-I or PEG-IGF-I for 16 hr (L6, ASPC-1) or 40 hr (MDCK). After addition of 10 µM bromodeoxyuridine (BrdU, Roche) cells were incubated 4 hr at 37°C and lysed in FixDenat solution for 30 min. BrdU labeling was assessed by ELISA (Roche) according to supplier protocols. For glucose uptake, differentiated adipocytes or myotubes were starved for 3 hr in low glucose DMEM, 1 % BSA and glucose-free DMEM, 1 % BSA for 30 min. After preincubation with rhIGF-I, PEG-IGF-I or rhInsulin for 15 min, 14 C-deoxyglucose (1 µCi/ml, Amersham) and 1 mM glucose (adipocytes) or 0.1 mM glucose (myotubes) was added for indicated periods at 37°C. After washing in ice-cold PBS, cells were lysed in 0.5 N NaOH, neutralized and radioactivity counted. HSkMC myoblasts were differentiated 4 d with or without rhIGF-I or PEG-IGF-I on collagen-precoated plates, fixated with 4 % paraformaldehyde for 10 min and stained with mouse-anti-Troponin-T (Sigma, 1:500), rabbit-anti-MyoD (SantaCruz, 1:200) and Hoechst nuclear stain (1 µg/ml), followed by Cy2/3 secondary antibodies (Jackson Immunoresearch).
From microscopical images, the area of troponin-T staining and nuclei cluster of >3 nuclei per myotube (Fusion index) were analysed.
Biochemical
and immuncytochemical analyses. Whole cell binding assays were performed as described (20) (20) . The cells were preincubated with 125 I-IGF-I for 120 min at 15ºC. The cells were then resuspended in binding buffer at the initial volume. Duplicate aliquots were diluted 40-fold in the absence or presence of 3, 10, 30, 100 or 300 nM unlabeled ligand and incubated at 15ºC. The cells were centrifuged at various time points and the bound activity counted. For in-cell analyses, 70 % confluent 3T3(IGF-IR) or 3T3(InsR) cells were serumstarved overnight and incubated with rhIGF-I, PEG-IGF-I or rhInsulin for 15 min at 37°C, before 4 % paraformaldehyde fixation for 10 min. Plates were probed with mouse-antiphospho-Tyrosine (4G10, Upstate, 1:1000) and rabbit-anti-IGF-IR (C-20, SantaCruz, 1:1000) or rabbit-anti-InsR (C-19, SantaCruz, 1:500) primary antibodies and Alexa680/800 secondary antibodies (Molecular Probes, 1:10000). For Western Blot analyses, 70 % confluent ASPC-1, L6, MDCK and HSkMC cells (collagen-precoated for HSkMC) were serum-starved overnight, incubated with rhIGF-I or PEG-IGF-I for 30 min at 37°C and subsequently lysed in boiling Laemmli buffer (Biorad). SDS-PAGE/nitrocellulose blots were probed with rabbit-anti P-Akt (Ser473), P-MAPK (Cell Signaling, 1:1000), goat-anti-Actin (SantaCruz, 1:20000), and Alexa680/800 secondary antibodies (Molecular Probes, 1:10000). Fluorescence was acquired with the Odyssey imaging system (Licor Biosciences), phosphoTyrosine intensity normalized for IGF-IR, InsR or actin. Pixel intensity was quantified and data analysed using GraphPad software. Species-specific ELISAs were used to detect human (R&D Systems) or mouse IGF-I (Mediagnost) in serum or plasma according to supplier protocols. PEG-IGF-I plasma concentrations were determined after an acid/neutralization step to dissociate PEG-IGF-I/protein complexes, using a biotinylated mouse-anti-PEG antibody on streptavidin-coated microtiter wells and digoxigenylated rhIGFBP-4 along with sheep anti-digoxigenin Fab fragments conjugated to horseradish peroxidase for detection. ABTS was used as substrate and absorbance measured at 405/490 nm. Surface plasmon resonance was assayed on a Biacore 3000 instrument in 10 mM HEPES, 150 mM NaCl, 0.005 % polysurfactant, pH7.4 at RT. IGFBP's were amine-coupled at 5 µg/ml on a CM5 chip. PEG-IGF-I or rhIGF-I were injected at 5 concentrations (1-100 nM) for 5 minutes (association phase) and washed for 5 minutes at a flow rate of 50 µl/min. Data evaluation was done by using a 1:1 Langmuir binding model after substraction of buffer vs. sample curves. Serum samples were analysed by Western ligand blot analysis as previously described (22) . Using recombinant human IGFBP-2 and -3 as standards on each ligand blot, concentrations of IGFBP-2 and -3 were assessed in ng/ml.
In vivo studies. All procedures were approved by the Animal Experimentation Ethics Committee of the University of Melbourne and the Swiss federal regulation of animal protection. C57Bl/6 mice (Charles River) received single s.c. injections of PEG-IGF-I or rhIGF-I for pharmacokinetic investigations. Male C57BL/10ScSnmdx/J (dystrophic) mdx mice (Jackson) at 3 or 12 weeks of age were treated with PEG IGF-I (0.3 mg/kg s.c. twice-a-week) or rhIGF-I (1 mg/kg/d, s.c. minipumps) for 6 weeks, C57BL/10ScSn mice (Jackson) were used as wild-type controls. Blood glucose was assessed from tail punctures using Accucheck devices (Roche). At times indicated, animals were sacrificed and serum generated by clotting blood for 10 min followed by centrifugation. For assessment of contraction-induced injury, the tibialis anterior (TA) muscle was surgically exposed under anesthesia and attached to the lever arm of a servomotor for measurement of contractile properties in situ (11) . TA muscles were stimulated to produce maximum isometric force and then subjected to a series of lengthening contractions at progressively increasing magnitudes from 2 to 55 % stretch. For muscle histology, TA muscles were blotted, weighed and snap frozen. Muscle sections were reacted for succinate dehydrogenase activity to assess oxidative capacity and fiber type proportions as described (11) .
Data analyses and statistics. Individual in vitro experiments were repeated 3-5 times, data are expressed as mean ± standard error of the mean (SEM). Specific binding or dose-response curves were fitted to one-site binding association or competition functions using GraphPad Prism software. For statistical comparison of two groups, student's ttest was used. For comparison of more than two groups, one-way ANOVA was used followed by Newman-Keul post-hoc test.
RESULTS

Site-specific monoPEGylation of IGF-I.
Human IGF-I has four putative PEGylation sites, the N-terminus and lysines (Lys) 27, 65 and 68. Isomer purification from mixtures of randomly monoPEGylated IGF-I identified the Lys68 derivative as the most active isomer, and we used site-directed PEGylation to generate a Lys68 PEG-IGF-I by a combination of site-directed mutations and proteolytic cleavage. The manufacturing process is schematically described in Supplementary Figure Figure 2D , the curves for unlabeled rhIGF-I move leftwards as a function of time, reflecting the time progression of unlabeled ligand binding during the dissociation phase. Figure. Figure 3 , E and F). The data suggest that in differentiated adipocytes, PEG-IGF-I is markedly less potent than rhIGF-I on effector functions driven by rapid InsR binding, whereas the difference decreases towards longer incubation (see also Supplementary Table 4) . We next analysed rhIGF-I and PEG-IGF-I effects on myoblast differentiation and hypertrophy, steady-state functions that involve IGF-I signaling (23) . Under growth conditions, only minor differentiation was observed over 4 days ( Figure 4A ), whereas differentiating conditions resulted in ~40 % coverage of the total dish area by troponin-T positive myotubes ( Figure 4B ). Fiber area was further increase after treatment with rhIGF-I ( Figure 4C ) or PEG-IGF-I ( Figure  4D Table 6 ) yielded a linear correlation line close to identity (r 2 = 0.939), indicating that rhIGF-I and PEG-IGF-I were equipotent for IGF-IRmediated functions in different cell types, in contrast with higher potency for rhIGF-I on InsR-mediated glucose uptake in adipocytes ( Figure 4H ).
In vivo pharmacokinetic and pharmacodynamic properties. To assess acute side effects in mice, we investigated hypoglycemia elicited by PEG-IGF-I and rhIGF-I in relation to their pharmacokinetic and pharmacodynamic properties. After s.c. injection of PEG-IGF-I up to 10 mg/kg, serum levels increased to 43.3 µg/ml, reaching t max at ~24 hr after injection, with ~50 % of C max remaining after 48 hr. The same treatment with rhIGF-I produced a rapid transient rise in serum to 7.2 µg/ml at 10 mg/kg (t max at ~1 hr), and minimal rhIGF-I left after 6 hr ( Figure 5A ). PEG-IGF-I produced a marked and sustained reduction of endogenous mouse IGF-I levels by 85 % whereas rhIGF-I elicited transient minor effects (49 % reduction, Figure 5B ). PEG-IGF-I did not cause hypoglycemic responses at any dose up to an exposure of 20-30 µg/ml. In contrast, rhIGF-I induced significant transient hypoglycemia at all doses with recovery over 2 hr only at the 1 mg/kg dose ( Figure 5C ; Supplementary Figure 4 ) and a threshold for hypoglycemia induction at 0.3-0.5 µg/ml, i.e. >40 times lower than that of PEG-IGF-I. These data showed that mice can be exposed to much higher doses of PEG-IGF-I than rhIGF-I without risk of hypoglycemia. Changes in blood levels of bioactive IGFBP's were evaluated by Western Ligand Blot and no changes were found after rhIGF-I treatment, whereas PEG-IGF-I treatment increased IGFBP-2 ( 
In vivo effects of chronic PEG-IGF-I treatment.
To determine the efficacy of PEG-IGF-I, 3 week old mdx dystrophic mice (25) received 0.3 mg/kg PEG-IGF-I s.c. twice-a-week for 6 weeks. The ability of this treatment to ameliorate use-dependent muscle injury was compared with s.c. minipump treatment with 1 mg/kg/d rhIGF-I (11). Serum PEG-IGF-I levels peaked at 1.1 µg/ml after 24 hr (dashed line in Figure 6A ). This peak value matched to the exposure of 1.1 µg/ml rhIGF-I in mice receiving a constant s.c. minipump infusion, which was lower than estimated earlier (26) . Treatment with rhIGF-I resulted in slight but significant hypoglycemia ( Figure 6B, inset) and sensitized the treated mdx mice against glucose challenge, as evident by the rapid removal of glucose from blood ( Figure 6B ). In contrast, PEG-IGF-I had no effect on fasted glucose or glucose tolerance ( Figure  6B ). The susceptibility to contractioninduced injury of the tibialis anterior (TA) muscle, which was strongly increased in mdx mice compared with healthy controls was similarly attenuated after 6 weeks s.c. treatment with both PEG-IGF-I and rhIGF-I ( Figure 6C ). In vivo effects of rhIGF-I on muscle protection in mdx mice have been reported to involve metabolic changes towards higher catabolic physiology with increased oxidative capacity and the shift to slower fiber phenotypes (11, 27) . As these changes have been considered of relevance for the therapeutic efficacy, we analysed physiological and metabolic properties of TA muscles from 18 week old mdx mice after a treatment period of 6 weeks. Interestingly, minipump rhIGF-I but not PEG-IGF-I treatment prolonged time-topeak ( Figure 6D ) and half-relaxation time ( Figure 6E ) of the isometric twitch contraction.
In addition, PEG-IGF-I increased succinate dehydrogenase (SDH) activity, a marker of oxidative capacity, to a lesser extent as rhIGF-I ( Figure 6F ).
DISCUSSION
PEGylation improves the efficacy of therapeutic proteins by prolonging half-lives and reducing concentration fluctuations (28, 29) . However, random PEGylation generates monoPEGylated isomer mixtures of the protein (30) with difficulties of purification on a large scale. Therapeutic applications with PEGylated isomer mixtures, however, face challenges of potential single isomer toxicity and reproducibility of isomer ratios between different batches. We circumvented this issue by developing a process that exclusively generated the desired monomer. The large PEG residue generally inhibits association of the ligand to its different binding targets, which we directly showed for IGFBP's using kinetic Biacore assays. We were unable to obtain radiolabelled PEG-IGF-I and thus could not directly assess IGF-IR and InsR binding kinetics, but we suggest similar mechanisms are involved. PEG-IGF-I activity for eliciting fast receptor and downstream signaling (<15 min) was reduced, whereas activity differences disappeared toward steady-state conditions, where both rhIGF-I were equipotent. Compared with rhIGF-I, this resulted in reduced fast InsR-mediated glucose uptake in adipocytes but equipotency in steady-state IGF-IR-mediated glucose uptake in myotubes. Since maximum responses at steady-state were identical, differences in association kinetics for both InsR and IGF-IR are the likely explanation. Further argument for this hypothesis can be derived from what we know about the binding mechanism of insulin and IGF-I. InsR and IGF-IR belong to the receptor tyrosine kinase family (31, for review) and are covalent transmembrane dimers. Insulin and IGF-I bind to their cognate receptors with affinities of 100-200 pM (32) and to the non-cognate receptor with affinities 100-500 times lower (30) . It appears that the binding of insulin and IGF-I to their cognate receptors occurs when two binding sites on opposite surfaces of the ligand alternatively crosslink two binding sites on each receptor halve (31) (32) (33) (34) (35) (36) . In addition, site 1 of IGF-I is extended by amino acids 31, 36 and 37 from the Cpeptide that are not present in insulin (34, for review). The latter residues are thought to bind to an extension of the IGF-IR equivalent to InsR site 1 into the cysteinerich region. This would suggest that the Lys68 residue is outside the receptor binding sites 1 and 2 of IGF-I in the D-domain. Substitution of both Lys65 and Lys68 by Alanine, however, was reported to cause a 10-fold decrease in IGF-IR affinity (37), a finding that contrasts with data showing that deletion of the D-domain has a negligible effect (38) . There is little information on the role of the D-domain in IGFBP binding (35) . As evident from the 3D model of IGF-I computationally docked through its site 1 on the L1-CR-L2 domains of the IGF-IR (Figure 2A) , the only area of IGF-IR for which a crystallographic structure has been determined (36,39), Lys68 is not located in this interaction site 1. PEGylation at this site is likely to sterically hinder both receptor association and closing of the receptor dimer through site 2. Both of these effects most likely explain the lower in vitro affinity for both IGF-IR and InsR and its impact on fast but not sustained IGF-I effects. The involvement of Lys68 in site 2 receptor binding is further supported by recent molecular dynamic studies of an atomic structural model of an IGF-IR ectodomain complex suggesting that Lys68 makes partial contact with Lys306 in site 2 of the IGF-IR (40) . It is known that in the case of insulin binding to the InsR, some site 2 substitutions can reduce the association rate of 125 I-insulin up to 20-fold, while the dissociation rate is also slowed down. The prototype of a natural insulin variant with such behavior is hagfish insulin (20) . Such insulin analogues typically have a low metabolic potency due to the slow on-rate affecting fast responses, while the increased residence time on the receptor enhances growth-promoting signaling; thus, hagfish insulin exhibits a mitogenic/metabolic potency ratio of 3.8 (20) to 8.0 (Knudsen, L. et al., unpublished data) depending on the assay. Such a profile is definitely therapeutically undesirable for an insulin analogue, but to the contrary beneficial for an IGF-I analogue like ours. Given the similarity of the InsR and IGF-IR binding mechanisms (32, 36) , it is not unreasonable to extrapolate the consequences of impaired site 2 interaction to this analogue. Although the association rate of PEG-IGF-I could not be determined directly since it cannot be radiolabeled, it was demonstrated to be much slower. Determining the time required for induction of negative cooperativity by the unlabeled ligand revealed that it took much longer for PEG-IGF-I to induce the same acceleration of dissociation of tracer compared to rhIGF-I. However, the maximal extent of negative cooperativity was not altered by PEGylation ( Figures 2D, 2E and Supplementary Figures  2A-2E) . It was surprising to see equipotency for 2 hr glucose uptake in myotubes, but this result is consistent with the equipotent downstream signaling within the time frame analysed. Interestingly, despite the postulated close interaction of the two insulin binding sites within the InsR, a fusion protein between insulin and albumin (albulin) is also equipotent to wild-type insulin both in vitro and in vivo (41) . Both IGF-I and PEG-IGF-I were more potent than insulin in stimulating glucose uptake in differentiated skeletal myotubes while in adipocytes insulin was the most potent agonist. Muscle cells in vitro -despite their widespread use as a model to study insulin action -respond poorly to insulin compared with IGF-I, due to a lack or paucity of InsR but high abundance of IGF-IR (42) . Primary cultures of human myoblasts and myotubes have a >10-fold excess of IGF-IR over InsR, and microarray studies show that IGF-I is a more potent regulator of gene expression than insulin in these cultures (42) , which might explain why muscle-specific InsR knockout mice are normoglycemic and develop only mild insulin resistance (43) . This indicates that the IGF-I system in vivo can compensate for the loss of InsR as it does in vitro (44), and suggests an underestimation of the role of the IGF-I/IGF-IR system as a metabolic regulator in muscle. Results of studies of "insulin signaling" in such models using 100 nM insulin where at least 50 % of the IGF-IR are occupied are thus likely to reflect IGF-IR signaling and have to be taken with care. In differentiated adipocytes, the data is consistent with a dominant role of insulin in stimulating glucose transport. As shown, s.c. application of PEG-IGF-I to mice at high doses markedly increased endogenous IGFBP's, replaced endogenous IGF-I, and hypoglycemia occurred with PEG-IGF-I only at ~50 times higher blood levels than with rhIGF-I. Due to their high, subnanomolar affinities, IGFBP's are the primary IGF binding sites in the circulation, and it is assumed that their primary function is to protect IGF's from degradation or excretion thus assuring a pool of accessible IGF's (2) . With respect to side effects, the absence of hypoglycemia associated with PEG-IGF-I can be explained by both receptor kinetics and the pharmacodynamic profile that compared with rhIGF-I are expected to selectively eliminate the shortterm complications of IGF-I dosing. Differences in short-term vs. long-lasting effects of elevated IGFBP's in mouse models (45) support a role for IGFBP's in preserving IGF-I function while decreasing the impact of IGF fluctuations on signaling.
Consistent with this concept, elevated concentrations of IGFBP-2 in the circulation protect against type II diabetes and dietinduced obesity (46) , and similar functions are considered to apply to IGFBP-3 and -4 (47, 48) . Elevated IGFBP's presumably lower free and increase complexed, "controllable" IGF, thus favoring mechanisms driven by IGF/IGFBP complexes rather than by free, rapidly acting IGF. In this context it becomes clear why PEG-IGF-I reduced the hypoglycemic risk. Finally, the potential therapeutic benefit of s.c. PEG-IGF-I treatment for muscular injuries and related muscle disorders was reflected in its ability to ameliorate contraction-induced muscle injury at least to the same degree as rhIGF-I minipump treatment at similar serum levels. This beneficial effect of PEG-IGF-I happened without the catabolic changes in glucose homeostasis or muscle metabolism that were observed for rhIGF-I, strongly suggesting that these effects are not required for amelioration of muscle injury. PEG-IGF-I represents an IGF-I variant with purely homeostatic anabolic properties apparently devoid of short-term side effects. These beneficial properties result presumably from its ability to alter IGF homeostasis and its slower nature of downstream signaling cascade activation. These properties are propitious for safely providing benefit in catabolic conditions and enhancing muscle function. In view of the multiple unsuccessful clinical trials performed with rhIGF-I or IPLEX ® so far, PEG-IGF-I represents a novel therapeutic approach for those conditions, where short-term IGF-I side effects have up to now precluded the achievement of therapeutic levels. Moreover, site-specific PEGylation might represent a general approach for drugs that presently cannot be used because of their side effects at efficacious doses. 
